Objective To determine the risk of external urogenital birth defects (UGBDs) in newborn boys from a malarial area currently sprayed with technical DDT, 1,1,1-trichloro-2,2-bis(4-chlorophenyl) ethane (DDT), as increased fetal oestrogenic or anti-androgenic exposure might be involved in the pathogenesis of increased prevalence of human male reproductive tract anomalies, and DDT and metabolites interact with both these receptors. Subjects and methods We examined 3310 newborn baby boys and recorded external UGBDs. Results Of the newborn boys 10.8% (357) had UGBDs; a multivariate logistic model showed that mothers who lived in villages sprayed with DDT between 1995 and 2003 had a significantly greater chance (33%) of having a baby with a UGBD than mothers whose homes were not sprayed (odds ratio 1.33, 95% confidence interval 1.04-1.72). Being a homemaker instead of being employed further significantly increased the risk of having a baby with a UGBD by 41% (odds ratio 1.41, 1.13-1.77). Conclusions Maternal exposure to DDT by living in a DDTsprayed village was associated to having male offspring with one or more UGBDs. Monitoring the impact of indoor residual spraying on human and environmental health is imperative if DDT is being used, especially as climate change raises concerns about the global spread of malaria. Integrating adequate indoor residual spraying measures by malarial vector control programmes, and increased public awareness to limit personal exposure, are crucial components that need to be addressed.
Introduction
Cryptorchidism and hypospadias are part of the testicular dysgenesis syndrome (TDS), which includes other male reproductive disorders such as testicular cancer and decreased semen quality, possibly with a shared pathogenesis. TDS has been shown in animals and proposed for humans. Skakkebaek et al. [1] suggested that prenatal exposure to endocrine disruptors might lead to increased rates of cryptorchidism, hypospadias, testicular cancer and as infertility. Aitken et al. [2] indicated that oestrogenicity of a compound might not be the only determinant of developmental defects [3] . This was confirmed by Fisher [4] who showed that anti-androgenic chemicals, inhibitors of steroidogenic pathways, and oestrogens or anti-oestrogens, are also associated with the TDS.
Although endocrine disrupters are considered prime candidates of environmental influence on the development of TDS in humans [5] , human evidence of a link between endocrine-disrupting chemical exposure and TDS remains difficult to confirm. However, one opportunity to more closely investigate such a connection might be human populations living in areas where malaria still occurs and technical DDT is used for malarial vector control. Although most countries have banned the use of DDT, certain endemic malarial areas still have to use indoor residual spraying (IRS) with DDT to decrease the incidence and spread of the disease, by controlling mosquitoes [6] . One such area is the Vhembe District Municipality of Limpopo Province, in the north-eastern corner of South Africa, bordering Zimbabwe and Mozambique (Fig. 1) , where the highest incidence rate of malaria cases in Limpopo Province occurred between 1998 and 2007 [7] . Most people living here are from the Vhavenda tribe and of similar cultural and genetic backgrounds. DDT spraying was introduced in 1945 for malarial vector control, and since 1966 DDT has been sprayed annually (personal communication, P. Kruger, Limpopo Malaria Control Programme).
Technical DDT (the insecticide applied during IRS) is composed of 65-80% of the active insecticidal ingredient, 1,1,1-trichloro-2,2-bis(4-chlorophenyl) ethane (p,p -DDT) and 15-21% of the less insecticidal 1,1,1-trichloro-2-(2-chlorophenyl)-2-(4-chlorophenyl) ethane (o,p -DDT) [8] . Technical DDT has oestrogen-like properties, which is largely due to the o,p -DDT [9] . Environmental or dietary exposure to DDT and metabolites results in the bioaccumulation of these chemicals in the human body in adipose tissue, serum and breast milk [10] [11] [12] . DDT from the circulation is metabolized to the persistent metabolite p,p -DDE, which bio-accumulates in fatty tissue and it is a marker of chronic exposure to DDT [13] .
p,p -DDE inhibits androgen binding to the androgen receptor, androgen-induced transcriptional activity, and normal male prepubertal development [14] . Danzo [15] reported that p,p -DDE was the most potent of the chemicals tested, but both o,p -DDT and p,p -DDT were also potent inhibitors. It has been estimated that if exposure would totally cease, it would take 10-20 years for DDT to disappear from an individual [16] , but that DDE would possibly persist throughout the full lifespan [10] as the halflife of plasma DDE is 10 years [17] . DDT and metabolites cross the placenta and the residue concentrations in cord blood are very similar to those in maternal blood, with p,p -DDE at the highest concentrations [18] . Studies conducted in other DDT-sprayed areas in South Africa also reported very high levels of DDT/E in breastmilk [12] . This implies that some of the DDT and DDE in a newborn baby could in fact have been transferred from the grandmother to the mother and then to the baby. The persistence and long half-life of these chemicals makes it crucial to also assess previous spraying with DDT, as the effect might become apparent after years of chronic low-dose exposure, and not necessarily after acute application.
In utero exposure of animals to DDT or DDE was associated with the development of ovarian tissue [19] , reduced penis size in alligators [21] , hypospadias and cryptorchidism [22] . It has been suggested that exposure to DDT might be involved in the increase in human male reproductive tract anomalies [3, 14, 22] , but supportive data were lacking. Recently, Aneck-Hahn et al. [23] showed that healthy males living in a currently DDT-sprayed area had impaired semen quality. Plasma p,p -DDT and p,p -DDE values were statistically significantly higher in men living in DDT-sprayed houses than in men from unsprayed houses, suggesting that IRS could contribute to increased exposure to DDT and might have far reaching implications for reproductive and general health.
The objective of the present study was to determine the association of external urogenital birth defects (UGBDs) in newborn boys with DDT exposure from spraying in a malaria area.
Subjects and methods
This was a cross-sectional hospital-based study on UGBDs in newborn boys. The Human Ethics Committee of the University of Pretoria (44/2003), and the Department of Health and Social Development, Limpopo Government (07- granted permission. The Hospital Board of Tshilidzini Hospital, Thohoyandou, Limpopo Province consented access to the files of all full-term babies and allowed the project staff to examine babies and the record findings. Individual mothers gave oral informed consent before the examination.
The study area was in the Vhembe District Municipality of Limpopo Province, South Africa (Fig. 1) . The villages included were around the city of Thohoyandou and the area east and north of Thohoyandou is a high-risk area for malaria [24] .
Two retired professional nurses were trained by a specialist Paediatrician in the examination of newborns. They administered questionnaires, examined the babies and completed the data sheets. Mothers who resided outside Limpopo Province, who were private patients (not public patients), and babies with a birth mass of < 2.5 kg were excluded.
The questionnaire was devised so that responses provided demographic information, numbers, or 'yes' or 'no' answers. The birth mass and number of siblings was reported. Information on the mother included age, employment, smoking, alcohol intake, and ethnicity, and the village where the mother was residing. Information on possible consanguinity was also obtained, to assess any possible close genetic relationship between the mother and father. Using the names of the villages, the staff from the Malaria Control Programme provided information to classify the villages into currently DDT-sprayed and currently unsprayed villages. Participants were from 109 currently DDT-sprayed and 97 currently unsprayed villages.
In the newborn boys, the penis was inspected and ventral, lateral or dorsal congenital curvature of the phallus noted as chordee [25] . The flaccid stretched penile length was measured and, if < 1.9 cm, recorded as micropenis [26] . Phimosis was noted when the foreskin had a white band preventing retraction of the foreskin to visualize the meatus. The position of the urethral meatus was inspected and hypospadias noted as an ectopic urethral meatus on the ventral aspect of the penis, scrotum or perineum. The scrotum was assessed for normal development, the gonads palpated and their position noted. Newborns were considered to have cryptorchidism if an undescended testicle (UDT) was found [27] . Babies with UGBDs were referred to the residing paediatricians for management. Anomalies were coded as definite if confirmed by a paediatrician or a genetics Nursing Specialist.
The study was done over a 2-year period from May 2004 to 2006, and 7146 newborns were examined. Files without information on the spray status of the village and the genital examination were excluded. Of the 6936 babies initially studied, 3518 were boys, 3393 were girls, 25 had ambiguous genitalia and the sex ratio was 51 : 49 (M : F). Baby boys whose birth mass was < 2.5 kg were excluded (208) total???.
We investigated the association of IRS with DDT and UGBDs in newborn boys. Assuming that at least some of these endpoints have a common cause due to endocrine alterations, and to increase the power, they were grouped as 'any UGBD' variable. All urogenital malformation variables were analysed as being either present or absent. Babies from a sprayed village were considered as DDT-exposed, and those from other villages as unexposed.
For maternal ethnicity, the Pedi, Tsonga and Venda were reported separately; the rest, being too few, were grouped as 'other ethnicity'. Maternal occupation was reported as homemakers (yes, no) and students (yes, no) and the rest grouped as 'employed' (yes, no). Other variables considered in the analysis were the mother's age and the time she had lived in the village (both in years), maternal smoking and drinking habits, parents' consanguinity (yes, no) and baby's birth mass and number of siblings. Maternal age was analysed as a continuous variable, but as it is not expected to have a linear association to birth defects, it was also categorized in three groups of 12-19, 20-34 and 35-48 years. The number of siblings was included as possibly reflecting a means of DDT excretion through every previous birth. The association between each dependent variable (urogenital malformation) and each independent variable (DDT exposure in any of its forms, and other predictors) was analysed. In cases where fewer than five subjects where represented in any category, the association was not taken into account. Associations with a statistical significance of P 0.15 were considered in multivariate logistic regression models. In a multivariate model, variables were excluded one at a time, starting with the least significant one. Only variables with P < 0.05 or whose exclusion changed the other coefficients by > 10% were kept in the final model.
Results
Only four mothers reported smoking and seven drinking alcohol, so these variables were not considered any further. Table 1 summarizes the general characteristics of the mothers and their 3310 babies by DDT exposure (defined as ever been exposed vs never been exposed to DDT IRS). The mean (SD, range) age of all the mothers was 25.4 (6.5, 13-48) years, and 68% of them were aged 20-34 years. The mean (SD) duration of maternal residence in the current village was 22.7 (9) years. Consanguinity was reported in 3.6% of all mothers. The vast majority (91%) of all the mothers were Venda, and the single largest category of occupation was being a homemaker (43%), while 34% of them were attending school or further education.
The spray history of the various groups of villages is summarized in Table 2 ; 33.9% (1122) subjects were from currently DDT-sprayed villages. Some subjects came from villages sprayed between 1995 and 2003, or between 1945 and 1979. No official information was available from 1980 to 1994. Therefore, 2396 (72.4%) women were from villages where DDT was sprayed at some time, while 27.6% of the women were from villages that were never sprayed.
The distribution of UGBDs in newborn boys by DDT spraying is shown in Table 3 . Some malformations had a slightly higher percentage in places that had been sprayed with DDT than in from places that had never been sprayed. However, only a few of these differences were statistically significant (Table 4) . For most malformations, the percentages of UGBDs were practically the same for both sprayed and never-sprayed. The wide CIs in most of the associations reflect the uncertainty due to the relatively few malformations in each compared group. Chordee and UDT were associated with the village having been sprayed, but only chordee had a significant association (P = 0.04).
Grouping the UGBDs as a single variable for male babies provided stronger associations. According to the final multivariable logistic model including 3144 male babies, mothers who lived in villages that were sprayed between 1995 and 2003 had a 33% greater chance of having a baby with a UGBD than mothers whose homes were not sprayed during that time. This association was controlled for time residing in the village and for maternal occupation. Being a homemaker instead of being employed in any other activity significantly increased the risk of having a baby with a UGBD by 41%. Although the time lived in the village was not quite statistically significant (P = 0.09) and was close to nil, it was kept in the model because of its influence on the exposure variable. Ethnicity, consanguinity and maternal age had no influence on the occurrence of UGBDs in this model.
Discussion
Living in a village that was sprayed with DDT 5-9 years before the study (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) was associated with a significantly greater risk of having a child with any UGBD by 33%. The long half-life of DDT and DDE implies that even after discontinuing DDT for IRS, health effects might occur and any form of previous DDT exposure should therefore be accounted for in future studies. Moreover, being a homemaker was significantly associated with a greater risk of having a male child with a UGBD. It seems likely that these mothers spend more time indoors and could therefore be exposed more frequently and for longer periods to DDT used for IRS. The increased risk for homemakers is in accordance with various studies showing the possible adverse health effects associated with 'normal' residential exposure of pregnant women, including pre-term abortion, still birth, or shortened lactation [28, 29] . The increased risk to homemakers also means that babies, infants and children might likewise be exposed indoors, albeit through different pathways. This indoor exposure has a significant effect, as Eskenazi et al. [30] reported that children exposed before the first 2 years of life are at greater risk of developing adverse health effects, such as delayed neurodevelopment. Taken together, the findings support the need for the assessment of indoor air and dust levels for DDT and metabolites after IRS.
In this study group, smoking and drinking alcohol were not sufficient in frequency to be a confounder. Even though we did not inquire about paternal smoking and drinking habits, other studies have shown that men from these villages seldom smoke or drink alcohol [23] . Therefore, parental smoking and drinking alcohol can probably be dismissed as risk factors for UGBDs in this population.
In this study, hypospadias occurred in 5.2% of newborn boys from this area, irrespective whether the mothers were living in sprayed and unsprayed villages, and hypospadias was not significantly associated with DDT exposure. However, the overall presence of hypospadias was higher than what is expected in 'normal' male newborns ( 1 in 250, 0.4%) [31] and at least one order of magnitude higher than figures reported from the UK and Scandinavian countries [32] . In this study, hypospadias was reported in 6.87/1000 live births, and the prevalence of glanular hypospadias were very high (1.5% of newborns; data not shown). No previous study on UGBDs has been conducted in the Venda population, but the prevalence was lower in two other studies from South Africa (0.29/1000 live births [33] and 0.79/1000 live births [34] , respectively). The subjects in these studies were from different ethnic groups and the hospital service areas fall outside the malarial areas. Although ethnic and regional differences might exist, the > 60 years of continuous DDT exposure in the study area makes it almost unfeasible to consider any other possible causal or contributing factor without considering the possible effects of DDT. However, it is possible that some other unknown factor that differed between people in sprayed and unsprayed villages could account for some of the associations seen. The socio-economic status of the whole region is poor, with only a few small industries and no mining. Cooking and heating is by a combination of biomass burning and a little electricity, but with no noticeable differences between the sprayed and unsprayed villages. The unsprayed villages were located closer to commercial farming areas with intense pesticide use.
The Venda people originated from the Great Lakes of Central Africa and were one of the last groups to have migrated south of the Limpopo River. During the years of settlement, the Venda encouraged marriage between kin, especially with a cross-cousin [35] , but over time this was relaxed to include a wider circle. In the present study, the mothers typically remain in a specific village, often where they were born, with very little movement between villages, as reflected by the long mean time residing in a specific village (22.7 years). As consanguinity was reported in 3.64% of the cases, the possible effect of inherited factors on the presence of UGBDs needs to be explored in more detail in follow-up studies. Interfamilial marriage was common in various ethnic groups throughout history and is today still practised in different groups [36] . To the best of our knowledge, a high prevalence of hypospadias and UGBDs in these populations has not been reported previously. Therefore, it is unlikely that in our case genetic transmissible factors alone would be the cause. The possibility that people living in this area constitute a vulnerable group with a higher susceptibility to the effect of exposure to various environmental factors, including chemical exposures, could likewise not be excluded.
The measurement of exposure in this study was a robust approximation of the real exposure scenario. The higher than expected prevalence of defects found in never-sprayed villages suggests that the measurement of exposure needs to be refined, such as by measuring serum levels of DDT and metabolites, although this would account for current and not variable historic levels of exposure. The findings also suggest that the development of UGBDs in baby boys might be influenced by maternal exposure to IRS of DDT during different stages of her life. These findings must be followed up by a case-control study with adequate numbers and consideration of other risk factors for UGBDs, to better evaluate an independent association of UGBDs with DDT and for clearer conclusions. This is particularly relevant since Longnecker et al. [27] reported, in the Collaborative Perinatal Project, odds ratios of 1.07 (95% CI 0.97-1.18) for cryptorchidism (in 219 boys) and 1.01 (0.90-1.14) for hypospadias (in 199) for each 2.67 µg/g lipids increase in maternal serum p,p -DDE. Although Longnecker et al. [37] found no reduced androgen action, as reflected by anogenital distance or penile dimensions at birth, in the newborn human males from Chiapas, México, the outcome in mothers from currently sprayed homes needs to be assessed.
Finally, the use of DDT has contributed to the success in reducing malarial transmission and malarial deaths in South and Southern Africa [38] . However, the present findings also strongly suggest that IRS with DDT is associated with UGBDs in newborn boys. If this association is causal, it should be accounted for in any future assessment of the costs and benefits of vector control with DDT. With the global concern about the effect of chemicals on health, and the possibility of malaria resurgence and spread as a result of climate change, all authorities should ensure that the general public, including those living under IRS conditions, are fully informed and aware of the possible health risks. Educating people living in the DDT-sprayed communities about ways to protect themselves from undue DDT exposure needs to be done as a matter of extreme urgency. There must be longterm monitoring of possible environmental and human health impacts [39] , particularly in those areas where DDT will be introduced as part of the malaria campaign. 
